Background: Apelin and apelin receptor (APJ)-induced G␣ i activation evokes a protective response in cardiac hypertrophy, whereas G-protein-independent signaling induces hypertrophy. Results: Serine 348 is identified as one phosphorylation site in APJ, which is crucial for APJ interactions with GRK2/5, ␤-arres-tin1/2, and its internalization. Conclusion: Mutation at serine 348 modulates G-independent signaling of APJ. Significance: Understanding APJ signaling and regulation could provide novel clues for the development of functionally selective APJ ligands.
G protein-coupled receptors (GPCRs), 3 which constitute the largest superfamily of cell surface receptors involved in many cellular signaling and physiological responses, are activated by binding with peptides, lipids, small molecules, and hormones (1, 2) . Consequently, GPCRs are extensively researched within the context of both potential and established drug targets (3) .
Upon stimulation by agonists, GPCRs are activated and initiate intracellular signaling events. In addition to G protein-dependent signaling, the activated GPCRs may also interact with many intracellular proteins to expand their ability to transmit signals through G protein-independent signaling pathway, such as G protein-coupled receptor kinases (GRKs) and ␤-arrestins. In this process, the agonist-occupied receptor is phosphorylated by GRKs, subsequently recruiting cytoplasmic ␤-arrestins to the GRK-phosphorylated receptor (4) . As intracellular adaptor and scaffolding proteins, ␤-arrestins play important roles in GPCRs desensitization, internalization, and intracellular trafficking and could activate signaling cascades independently of G protein activation (5, 6) . For example, ␤-arrestin2 binds Raf-1 and ERK1/2 directly and MEK-1 indirectly, leading to a ␤-arrestin-dependent ERK activation (7, 8) .
Apelin receptor (APJ) is a member of the family A of GPCRs with a range of physiological functions including the regulation of cardiovascular function and fluid homeostasis (9, 10) . APJ remained an orphan GPCR until 1998 when the peptide apelin was isolated from bovine stomach extracts as its endogenous ligand (11) . Subsequently, numerous researchers have showed that apelin has an important regulatory role in various physiological processes. Among them, apelin-13 exhibits much stronger activity than other active isoforms in regulating the cardiovascular function (11) . The apelin/APJ system is currently envisaged to be an important therapeutic target for the treatment of heart failure, hypertension, and obesity-related diseases (12, 13) .
The mechanisms of APJ signal transduction are still under active investigation. New research has found that APJ has a dual role in cardiac hypertrophy (14) . Apelin activates the signals of APJ through the G␣ i pathway and elicits a cardiac protective response. Although sustained overload activates APJ to induce cardiac hypertrophy via a G protein-independent fashion. Previous data suggested that the C-terminal portion of APJ are required for internalization and mediates receptor internalization through palmitoylation and phosphorylation (15) . But it is still unclear how APJ mediates its G protein-dependent and -independent signaling pathways. It has been demonstrated that mutagenesis of key serine/threonine residues at receptor phosphorylation result in diminished ␤-arrestin binding after agonist stimulation in receptors such as the M 2 muscarinic receptor, the AT 1A angiotensin receptor, and the V2 vasopressin receptor (16 -18) . There are several putative phosphorylated amino acids at the C terminus of APJ, which has not been investigated.
In the work presented here, we first identified a key C-terminal amino acid residue required for GRKs/␤-arrestins recruitment to activated APJ after agonist binding. We found that the key residue for APJ regulation is serine 348. Furthermore, we assessed the role of serine 348 in APJ internalization and G protein-independent ERK1/2 activation. The results suggest that serine 348 is required for GRKs and ␤-arrestin-mediated biased G protein independent signaling of APJ. Taken together, these results are helpful for screening novel and existing drugs of the cardiovascular system based on this biased signaling pathway.
EXPERIMENTAL PROCEDURES
Materials-Human apelin-13 and 125 I-apelin-13 were purchased from Phoenix Pharmaceuticals (Burlingame, CA). The amino acid sequence of apelin-13 is Gln-Arg-Pro-Arg-Leu-Ser-His-Lys-Gly-Pro-Met-Pro-Phe, as previously described (19) . Lipofectamine 2000 was obtained from Invitrogen. Forskolin, PTX, and anti-FLAG antibody were obtained from Sigma. Anti-HA-agarose were obtained from Pierce Chemical Co. Anti-phospho-ERK1/2 antibody, anti-ERK1/2 antibody, anti-HA antibody, anti-␤-arrestin1 antibody, anti-␤-arrestin2 antibody, and anti-␤-actin antibody were purchased from Cell Signaling Technology.
Cell Culture and Transfection-Human embryonic kidney 293 (HEK293) cells were maintained at 37°C and 5% CO 2 in Complete Dulbecco's modified Eagle's medium (DMEM; Invitrogen) supplemented with 10% fetal calf serum (FCS). Transient transfections were carried out 24 h after seeding using Lipofectamine 2000 following the manufacturer's instructions.
Protein Preparation and Mass Spectrometry-For mass spectrometry experiments, HEK293 cells stably expressing WT APJ receptor were treated with 100 nM apelin-13 at 37°C for 10 min. The cells were washed and lysed for 30 min on ice with RIPA buffer containing protease and phosphatase inhibitors. After centrifugation, the supernatant was reduced with 10 mM dithiothreitol (DTT) at 56°C for 1 h and subsequently alkylated with 55 mM iodoacetamide at room temperature for 45 min in the dark. The sample was resolved by SDS-PAGE on 10% gels and stained with colloidal Coomassie Blue. Subsequently, the protein was digested with trypsin overnight at 37°C, and then the fractions were passed through a single TiO 2 Spin Tip for phosphopeptide selective enrichment. Phosphopeptides were then purified and washed as described (20, 21) . Peptide composition was determined by LC-MS/MS mass spectrometry.
LC-MS/MS measurements were carried out by a Shimadzu HPLC system (Columbia, MD) coupled to an AB SCIEX Triple TOF 5600 mass spectrometer (SCIEX, Foster City, CA). The two buffers used for the reverse phase chromatography were buffer A (0.1% (v/v) formic acid in water) and buffer B (0.1% (v/v) formic acid in acetonitrile). The HPLC gradient consists of holding 0% buffer B for 3 min, followed by increasing to 5% buffer B in 5 min, to 35% buffer B in 35 min, then to 60% buffer B in 5 min. In the following 2 min, the gradient was increased to 80% for 2 min. Initial chromatographic conditions were restored in 1 min and maintained for 10 min. A flow rate of 300 nl/min was used to elute the peptides into the ionization source of the mass spectrometer.
The acquired MS/MS spectra were processed with the Mascot search engine (Matrix Science, London, UK) for database correlation analysis. The search parameters through Mascot were set for phosphorylation emphasis and to search for biological modifications. Trypsin was set as the enzyme, and the IPI human database was searched. Each filtered MS/MS spectra exhibiting possible phosphorylated peptide was manually checked and validated.
Plasmid Constructs and Mutagenesis-The pcDNA3.1(ϩ)-APJ and pcDNA3.1(ϩ)-HA tagged-APJ plasmids were purchased from Missouri S&T cDNA Resource Center (Rolla, MO). Rluc-␤-arrestin1 and Rluc-␤-arrestin2 were generated by PCR amplification with plasmids containing ␤-arrestin1/␤-ar-restin2 ORF (kindly provided by Prof. Karin Eidne (QEII Medical Centre, Nedlands, Australia)) as templates, the coding sequences of human ␤-arrestin without their stop codons and subcloned into pRluc-N1 (PerkinElmer Life Sciences Inc.). On the other hand, the cDNA encoding the hAPJ without its stop codon was subcloned into pEGFP-N1 (Clontech, Mountain View, CA). Plasmids GRK2-GFP 2 and GRK5-GFP 2 were kindly provided by Prof. Christian E. Elling, 7TM Pharma A/S, 2970 Horsholm, Denmark. FLAG-tagged ␤-arrestin1/␤-arrestin2 was kindly provided by Prof. Vsevolod V. Gurevich (Department of Pharmacology, Vanderbilt University).
For construction of the G␣ i2 -Rluc and G␣ q -Rluc fusion proteins, the coding sequence of humanized Rluc was PCR amplified and inserted in the coding sequence of each G␣ subunit. Depending on the G␣ subunit, the Rluc was inserted between either residues 91 and 92 of G␣ i2 , or residues 97 and 98 of G␣ q .
A series of APJ mutants were generated by overlap extension PCR using high fidelity Pfu polymerase and mutagenic primers as described previously (22) . The mutagenic APJ cDNA was cut sequentially with EcoRI and HindIII and then ligated back into the original pcDNA3.1(ϩ). All mutational cDNAs were confirmed by sequence analysis of both strands. All constructs were verified by sequencing.
Cell Surface Expression Assay-HEK293 cells were transiently transfected with the same amount of pcDNA3.1(ϩ) containing HA-tagged wild-type APJ or HA-tagged APJ-S335A, APJ-S345A, and APJ-S348A. Twenty-four hours after transfec-
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tion, cells were fixed in 4% paraformaldehyde for 15 min at room temperature, washed, and incubated in blocking solution (3% BSA) for 1 h. Subsequently, cells were incubated with 1:1000 primary rabbit polyclonal anti-HA antibody overnight at 4°C. After washing three times with PBS, the cells were incubated with goat anti-rabbit horseradish peroxidase-conjugated secondary antibody (Santa Cruz Biotechnology) at 1:1000 dilutions for 1 h at room temperature. After extensive washing, the immunoreactivity was detected by the addition of TMB Plus substrate (Santa Cruz Biotechnology), and the reaction was stopped with 0.2 M H 2 SO 4 . The absorbance at 450 nm was measured on a microplate reader (Bio-Rad). For each experiment, mock conditions corresponding to the transfection of vector without receptor were included. The expression levels of mutational receptors were calculated as a percentage of WT APJ expression using the formula: [(OD mutant Ϫ OD mock )/ (OD wt Ϫ OD mock )] ϫ 100%. Receptor internalization was measured with 100 nM apelin-13 treatment in 60 min at 37°C by the above cell surface ELISA procedure. The percentages of mutational receptor internalization were defined as described previously (23) using the formula:
Radioligand Binding Assay-HEK293 cells were transiently transfected with the same amount of WT APJ and mutational APJs. 48 h after transfection, a washed cell membrane preparation was prepared as described previously (24) . The interactions of 125 I-apelin-13 with WT APJ or mutational APJ receptors were measured using radioligand binding displacement binding assays according to a previous report (9) .
Confocal Microscopy-HEK293 cells were plated on poly-Dlysine-coated glass coverslips in 6-well plates, grown to 60% confluence, and transiently co-transfected with constant amounts of plasmids encoding for HA-APJ and EGFP-␤-arrestins. Twenty-four hours post-transfection, medium was changed to serum-free DMEM, and the cells were incubated with 100 nM apelin-13 at different time intervals. Then, the cells were fixed in 4% paraformaldehyde for 15 min, washed with PBS, and incubated with 3% BSA in PBS/Triton X-100 (0.1%) for 1 h at room temperature. For the staining, anti-HA antibody was incubated as the first antibody overnight at 4°C. After washing the cells with PBS, cells were incubated with IgG TRITC-conjugated secondary antibody (Santa Cruz Biotechnology) for 1 h at room temperature. Following a wash step, the cells were mounted on glass slides with VECTASHIELD medium containing DAPI (Vector Laboratories Inc., Peterborough, UK). Images were observed with a ϫ63 oil immersion objective in a Leica model DMRE laser scanning confocal microscope (Leica, Milton Keynes, UK).
Dose-response and Real-time Kinetic BRET Assays-HEK293 cells were transiently transfected with Rluc-tagged and various EGFP (or GFP2)-tagged constructs. Twenty-four hours after transfection, cells were then harvested in HEPES-buffered phenol red-free complete medium containing 5% FCS and seeded in poly-D-lysine-coated 96-well white microplates (Corning 3600). All BRET measurements were performed according to the donor and acceptor pairs used (Table 1) by the Mithras LB940 plate reader (Berthold Technologies, Bad Wildbad, Germany) and MicroWin 2000 software as described previously.
Co-immunoprecipitation and Immunoblotting-Immunoprecipitations were performed as described previously (25) . HEK293 cells were transiently transfected with HA-APJ (or HA-APJ348) and FLAG-␤-arrestin1 (or ␤-arrestin2) or the vector control. 36 h after transfection, cells were serum-starved overnight and stimulated with 100 nM apelin-13 for 15 min. For co-immunoprecipitations, cells were lysed and the supernatant fractions were collected and then incubated with anti-HA-agarose beads overnight at 4°C with end-over-end rotation. The beads were washed three times with TBST and precipitates were eluted with SDS sample buffer containing ␤-mercaptoethanol. The supernatants were then analyzed with SDS-PAGE and immunoblotting for anti-FLAG antibody immunoreactivity.
cAMP Assay-HEK293 cells were transiently transfected with the WT APJ and various mutational APJs (APJ-S335A, APJ-S345A, APJ-S348A) as described above. After 24 h, the cells were incubated with 3-isobutyl-1-methylxanthine (0.5 mM) and MgCl 2 (10 mM) for 20 min and then stimulated for 10 min with forskolin (10 M) in either the absence or presence of various concentrations of apelin-13 (0.1-10,000 nM) at 37°C. Subsequently, cells were washed twice with ice-cold PBS and suspended in acetate buffer. Intracellular cAMP level was measured using the absorbance-based cAMP ELISA kits (Cell Biolabs, Inc.) according to the manufacturer's protocol.
Intracellular Calcium Assay-HEK293 cells expressing WT APJ or mutants were plated at 5 ϫ 10 4 cells per well in a 96-well poly-D-lysine-coated black plate (Corning), respectively. In addition, un-transfected HEK293 cells were used as negative controls. Calcium fluorescences were detected using Fluo-4 NW Calcium Assay Kits (Invitrogen) according to the manufacturer's instructions. Before the detection, the cells were incubated at 37°C for 30 min in the dye loading solution dissolved in assay buffer. Following incubation, the plates were washed twice with assay buffer, equilibrated at room temperature for an additional 30 min. Subsequently, all cells stimulated with 100 nM apelin-13 and calcium fluorescences were immediately detected with the Mithras LB940 plate reader (Berthold Technologies, Bad Wildbad, Germany). Basal readings were obtained for 5 s prior to agonist addition and subtracted from post-injection readings to obtain a ligand-induced Ca 2ϩ response. Calcium fluorescence ratio was represented using the formula: ligand-induced Ca 2ϩ readings/basal readings. Data were imported into GraphPad Prism 5 software for statistical analysis and graphing.
Activation of ERK1/2 Assay-HEK293 cells expressing WT APJ or APJ-S348A in six-well plates were grown to 70 -80% confluences. After overnight serum starvation, the cells were treated with apelin-13. Subsequently, cells were washed, harvested, and lysed in RIPA lysis buffer. Ten micrograms of cell extracts were separated by 10% SDS-PAGE and proteins were Ser-348 in APJ Regulation and Signaling NOVEMBER 7, 2014 • VOLUME 289 • NUMBER 45 transferred to polyvinylidene fluoride (PVDF) membranes. The phosphorylation status of ERK1/2 was detected by immunoblotting with the antibody against phospho-ERK1/2. As a control for loading, the same membranes were stripped of antibody and re-probed with anti-total ERK1/2 antibody. The band intensities were measured by densitometry analysis and the change in ERK phosphorylation in both samples was calculated as the phospho-ERK/ERK ratio (see Ref. 19 for details).
For ␤-arrestin1/2 shRNA experiments, HEK-293 cells stably expressing APJ or APJ-S348A were transiently transfected with either ␤-arrestin1 shRNA (Sigma, Clone ID NM_004041.3-828s21c1) or ␤-arrestin2 shRNA (Sigma, Clone ID NM_ 004313.3-309s21c1) and shRNA Negative Control Med GC (Sigma, pLKO.1-puro) according to the manufacturer's instructions using Lipofectamine 2000 reagent. Forty-eight hours later, cells were stimulated with apelin-13 and lysed for ERK1/2 assays.
Statistical Analysis-All data are shown as the mean Ϯ S.E. Data were presented and analyzed using Prism 5.0 graphing software (GraphPad). Sigmoidal curves were fitted to the doseresponse data using non-linear regression. Statistical analysis was performed using one-way analysis of variance followed by Tukey's multiple comparison post-test.
RESULTS

Identification of Phosphorylation Sites on APJ by Mass
Spectrometry-Previous studies have shown that C-terminal serines of APJ are required for mediating receptor desensitization and internalization (15) . However, the key residues involved in APJ regulation have not been defined. Putative APJ phosphorylation sites were obtained from NetPhos 2.0 prediction software (26) with APJ C-terminal serine 335, 345, and 348 mutants being chosen as above. Among them, sequence analysis revealed that serine 345 and 348 are highly conserved C-terminal phosphorylation sites between human, mouse, rat, and other creatures ( Fig. 1A) .
To identify precise phosphorylation sites, we treated the stably transfected HEK293 cells with 100 nM apelin-13 for 10 min. Cell lysis and protein extraction was resolved by SDS-PAGE and stained ( Fig. 2A) . Following reduction and alkylation as described under "Experimental Procedures," we used mass spectrometry to better define the specific sites phosphorylated in APJ under apelin-13 stimulation. We conducted a mass spectrometric analysis of the phosphoacceptor sites on APJ and two serine phosphor-acceptor sites (Ser-345 and Ser-348) in the C-terminal tail of APJ are shown in Fig. 2B .
Site-directed Mutagenesis and Expression of WT and Mutational APJs-To determine which phosphorylation site identified was most likely to be the most important for the function of APJ, we generated mammalian APJ expression plasmids by sitedirected mutagenesis to construct C-terminal receptor serine to alanine mutants. After a series of mutants were constructed, we first investigated the cell surface expression level of WT APJ, APJ-S335A, APJ-S345A, and APJ-S348A in HEK293 cells. Both ELISA and BRET results showed that all three point mutants had little effect on the receptor cell surface expression compared with the WT APJ (Fig. 1, B and C) . This data suggested that APJ mutants were correctly synthesized and trafficked to the plasma membrane.
Binding Properties of WT and Mutational APJs-To characterize the binding properties of APJ, WT and mutational APJs were transiently transfected into HEK293 cells. Competitive displacement studies of 125 I-apelin-13 by apelin-13 (cold), showed no differences in IC 50 values of the WT APJ and mutational APJs (Table 2) . Also, the B max values for binding 125 Iapelin-13 to the membrane preparation did not differ ( Table 2 ). The results further verified that the mutagenesis of APJ C-terminal serine residues had little influence on agonist binding. At least, serines 335, 345, and 348 were not key residues for apelin binding. Upon agonist binding, the mutants were likely to be activated and transmit downstream signaling, which can be used for subsequent experiments.
Functional Validation of APJ Mutants by Apelin-13-induced Inhibition of cAMP and Elevation of Ca 2ϩ -The effect of apelin-13 on cAMP signaling in HEK293 cells was previously studied (19, 22) . Consistent with previous research, the forskolininduced intracellular cAMP production were reduced significantly by apelin-13 in a dose-dependent manner in all groups (Fig. 3A ). There is no significant difference between WT and all mutational APJs. Our data suggest that site-directed mutagenesis of APJ C-terminal serines 335, 345, or 348 were not required for G protein coupling to adenylate cyclase inhibition.
We next determined whether mutational APJs could also impact apelin-13-induced elevation of intracellular calcium. The data showed that WT APJ and three mutants resulted in a significant increase of intracellular calcium (Fig. 3B ). Taken together, the results suggest mutants are functional proteins and have not changed their role in activating the G protein-dependent signaling pathway.
Serine 348 Mutation of APJ Is Required for Apelin-13-induced Receptor Internalization-Upon ligand binding, most GPCRs are internalized. To evaluate whether serines 335, 345, or 348 play an important role in apelin-13-mediated APJ internalization, we compared the mutants engineered at these sites to the internalization kinetics of WT APJ by ELISA-based assay (Fig.  1D ). In HEK293 cells expressing WT APJ, apelin-13 (100 nM) caused a robust time-dependent receptor internalization peaking at 30 min following addition of the agonist. Mutation of C-terminal serine 335 and 345 had no effect on apelin-13-induced receptor internalization, compared with the WT APJ. In contrast, mutation of serine 348 significantly blocked apelin-13-induced receptor internalization. After increasing the agonist concentration and duration time, apelin-13 (1-10,000 nM) failed to induce APJ-S348A internalization at all the time points in HEK293 cells (data not shown). Thus, serine 348 plays a key role in the internalization of APJ.
These results were also confirmed by confocal microscopy. To image cell surface expression and receptor internalization, HEK293 cells were transiently co-transfected HA-tagged WT or mutational APJ and EGFP-tagged ␤-arrestin1 or ␤-arrestin2. Fig. 4, A and B, shows that prior to agonist stimulation (at 0 min), the distribution of APJ (shown in red) was clearly localized at the cell surface, whereas ␤-arrestin1-EGFP or ␤-arres-tin2-EGFP fluorescence protein was only evenly distributed
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throughout the cytosol (shown in green). Upon stimulation with the appropriate agonist apelin-13 (100 nM) for 15 min, a significant internalization was observed in HEK293 cells expressing WT APJ. Receptor internalization peaked at 30 min following agonist treatment, with the appearance of clusters showing moderate intensity yellow fluorescence representing co-localization of HA-APJ (in red) and ␤-arrestin1-EGFP or ␤-arrestin2-EGFP (in green). APJ was then redistributed back to the cell surface at 60 min. APJ-S335A and APJ-S345A showed a similar cell surface expression and internalization process compared with the WT APJ (data not shown). In contrast, although receptor expression was verified, apelin-13 failed to induce a significant shift in localization of APJ-S348A and no co-localization was observed with ␤-arrestin1 or ␤-arrestin2 after stimulation in 60 min (Fig. 4, C and D) . Combined with the results obtained by the cell surface expression assay, these data together suggest that serine 348 is a crucial phosphor-regulation site of APJ, and mutation of serine 348 to alanine in APJ is sufficient to block apelin-13-induced APJ internalization.
Serine 348 Mutation of APJ Impairs Its Interaction with GRK2/5 and ␤-Arrestin1/2-For most GPCRs, agonist stimulation leads to GRK-mediated receptor phosphorylation followed by binding of ␤-arrestins to the phosphorylated receptor. In recent years, a number of studies have now utilized BRET to monitor the interactions between GPCRs and GRKs or ␤-arrestins (27) (28) (29) (30) . High-throughput screening of GPCR-specific drugs was also performed by a BRET assay (31) . Therefore, the interaction between APJ and GRK2/5 or ␤-arrestins were also analyzed by BRET assays.
Agonist dose-response curves of GRK2/5 recruitment to APJ at 10 min post-stimulation were detected using BRET 2 . The data showed that apelin-13 caused a robust dose-dependent FIGURE 1. Mutations at serines 335, 345, and 348 of APJ do not alter the receptor expression and location at cell membranes. A, C-terminal amino acid sequence alignment of APJ human, mouse, rat, rhesus monkey, chimpanzee, dog, chicken, and zebrafish residues. Putative APJ phosphorylation sites were obtained from NetPhos 2.0. Mutations from serine to alanine are marked in yellow. Gray shading represents transmembrane helix 7. B, cell surface expression of the WT and mutational APJs quantified by ELISA. The results were expressed as percentage of cell surface expression levels of the WT APJ after correction of the nonspecific expression in cells transfected with the empty vector (n ϭ 4; one-way analysis of variance; ns, no significant difference p Ͼ 0.05). C, BRET data indicating proximity between the cell surface marker Venus-Kras and Rluc-tagged WT APJ or mutational receptors (n ϭ 4; one-way analysis of variance; ns, no significant difference, p Ͼ 0.05). D, internalization of WT and mutational APJs after 100 nM apelin-13 stimulation in HEK293 cells measured by ELISA (n ϭ 4; one-way analysis of variance; ***, p Ͻ 0.001 versus WT APJ group).
increase in BRET signal for WT APJ, APJ-S335A, and APJ-S345A, indicative of GRK2/5 being recruited to activated receptors (Fig. 5, A and B) . The EC 50 values were as follows: 6.58 Ϯ 0.58 nM (WT APJ), 6.20 Ϯ 1.56 nM (APJ-S335A), 5.69 Ϯ 1.42 nM (APJ-S345A) with GRK2; 9.45 Ϯ 2.58 nM (WT APJ), 8.20 Ϯ 1.85 nM (APJ-S335A), and 7.34 Ϯ 1.17 nM (APJ-S345A) with GRK5. The potency of GRK2 (or GRK5) recruitment to APJ-S335A or APJ-S345A was not reduced sufficiently to reach statistical significance compared with WT APJ. In contrast, the APJ-S348A mutant was unable to recruit GRK2/5 at any dose tested. Similarly, agonist dose-response curves of ␤-arrestin1/2 recruitment to WT APJ at 15 min were also detected using BRET 1 . The data showed that apelin-13 caused a robust dose-dependent increase in BRET signal for WT APJ, APJ-S335A, and APJ-S345A, indicative of ␤-arrestin1/2 being recruited to activated receptors (Fig. 5, C and D) . The EC 50 
recruitment to APJ-S335A or APJ-S345A was not reduced sufficiently to reach statistical significance compared with WT APJ. In contrast, the APJ-S348A mutant was unable to recruit ␤-arrestin1/2 at any dose tested. This is consistent with GRK2/5 being recruited to the activated receptor in a liganddependent manner. We subsequently examined the effects of the mutational C-terminal serine residue on interaction between APJ with GRK2/5 or ␤-arrestin1/2, using real-time BRET assays. In cells expressing Rluc-APJ and GRK2-GFP 2 or GRK5-GFP 2 there was a rapid increase of the BRET 2 signal after apelin-13 treatment, which peaked at 10 min (Fig. 5, E and F) , and is similar to APJ with mutations at serine 335 and 345. However, the APJ-S348A mutant seriously decreased the BRET 2 signal, suggesting this serine 348 to alanine mutation blocks the interaction between APJ and GRK2/5. Similarly, we also observed a vanished BRET signal caused by mutation at serine 348 of APJ in HEK293 cells expressing Rluc-␤-arrestins and EGFP-tagged APJ-S348A after apelin-13 stimulation, indicating that serine 348 is also crucial for the binding ␤-arrestins to APJ (Fig. 5, G and H) .
The interaction between APJ and ␤-arrestins has also been confirmed by a cellular co-immunoprecipitation assay. The results indicated that co-immunoprecipitations could be detected in cells transfected with both FLAG-␤-arrestin1 ( Fig.  6A ) or ␤-arrestin2 ( Fig. 6B ) and HA-APJ plasmids with apelin-13 treatment, but not in cells transfected with either vector alone. The co-immunoprecipitations could not be detected in the cells expressing both FLAG-␤-arrestin1 ( Fig. 6A) or ␤-ar-restin2 ( Fig. 6B ) and HA-APJ348. Taken together, these data suggest that mutation of serine 348 to alanine in APJ greatly prevents recruitment with GRK2/5 and ␤-arrestin1/2, in which APJ-S348A may fail to induce the ␤-arrestin-dependent signaling pathway.
Serine 348 Mutation of APJ Impairs Its Desensitization and Resensitization Characteristics-To establish the role of the APJ Ser-348 residue in desensitization and resensitization of apelin-13 signaling, we incubated HEK293 cells expressing WT APJ or APJ-S348A with apelin-13 (100 nM) for various time intervals, washed the cells, and then measured the effect of apelin-13 on cAMP levels. In HEK293 cells expressing WT APJ, pretreatment with apelin-13 for 3 h resulted in a sustained desensitization of apelin-13-induced decreases in the cAMP level. However, HEK293 cells expressing APJ-S348A could not induce obvious desensitization of apelin-13-induced decreases in the cAMP concentration (Fig. 7A ). This result is consistent with other data that relates to its impaired interaction with ␤-arrestins.
In a different set of experiments, the recovery kinetics of APJ response were also observed. After pretreatment of HEK293 cells expressing WT APJ with 100 nM apelin-13 for 3 h (to induce maximal receptor desensitization), the cells were washed to remove agonist and allowed to rest for various intervals before addition of 100 nM apelin-13 for 10 min. A 70% recovery of apelin-13 responsiveness was apparent after a 30-min resting period, and full recovery was achieved with cells cultured for 2 h before addition of apelin-13 ( Fig. 7B ). At all time intervals, basal and vehicle-stimulated cAMP levels were not different between treated and untreated cells (data not shown).
Serine 348 Mutation of APJ Does Not Alter Its Interaction with G Protein-Previous studies revealed that apelin activates APJ signals through the G␣ i/q pathway (15, (32) (33) (34) . To determine the function of the C-terminal serine to alanine substitutions of APJ, we examined their effects on the interaction between receptor and G protein by real-time BRET assays. The results showed that addition of apelin-13 to cells co-expressing EGFPtagged WT APJ (or mutants) and Rluc-tagged G␣ q resulted in a rapid and significant increased ligand-induced BRET signal indicative of G␣ q being recruited to the activated receptor of both WT APJ and mutants. The BRET signal peaked at 5 min after treatment and decreased rapidly thereafter (Fig. 8A) . Similar treatment of cells co-expressing APJ (or mutants) and G␣ i2 also induced an increase in BRET signal with a similar kinetic profile indicative of G␣ i2 being recruited to the activated receptors (Fig. 8B) . Overall, BRET data clearly show that the three mutants and the G␣ q (or G␣ i2 ) interaction are similar to WT APJ. Taken together, these results suggest that APJ mutagenesis of the phosphorylation site cannot impact the binding of G protein and further activate intracellular downstream signaling via G protein-dependent pathway.
Serine 348 Mutation of APJ Decreased G Protein-independent ERK Activation-Previously, we reported apelin-13-induced ERK1/2 activation via the wild-type receptor in stable transfected HEK293-APJ cells (19, 22) . To observe whether the mutational APJ receptor affects ERK1/2 signaling, both fast and NOVEMBER 7, 2014 • VOLUME 289 • NUMBER 45 slow ERK1/2 activation, we examined time-and dose-dependent effects on ERK1/2 signaling activation, respectively. The results showed that a significantly increased ERK1/2 phosphorylation by apelin-13 appeared after 2 min treatment in WT APJ, with the maximal level at 5 min, and then phospho-ERK1/2 levels were kept high until 60 min (Fig. 9A, upper) . In contrast, in mutational APJ-S348A, ERK1/2 phosphorylation was consistent with WT APJ 5 min after agonist stimulation. Subsequently, the phospho-ERK1/2 level decreased significantly to the near basal level from 15 min, which is GRKs/␤-arrestins dependent (Fig. 9A, middle) .
As for dose-dependent ERK phosphorylation in mutational APJ-S348A, we also found that apelin-13 (from 0.1 to 1000 nM) could not induce ERK1/2 activation as indicated for 15 min (Fig. 9B, middle) . These data are distinct from those of WT APJ (Fig. 9B, upper) , which shows dose-dependent trends. However, when duration of agonist was reduced, we observed dosedependent ERK activation in both groups at 5 min (Fig. 9C) , which has no statistical difference between HEK293 cells expressing WT APJ and APJ-S348A.
Next, we observed the same effect of pertussis toxin (PTX) on apelin-13-induced ERK1/2 phosphorylation in both groups. Pretreatment of HEK293-APJ or APJ-S348A cells with PTX for 12 h, which selectively deactivated G␣ i/o -protein to prevent its interaction with the receptor, mostly abrogated the apelin-13induced ERK1/2 activation (Fig. 9D) , indicating that apelin-13-activated ERK1/2 by a G protein-dependent activation pathway was not affected by mutation at Ser-348.
We hypothesized that the ERK1/2 phosphorylation at later time points is mostly independent of G protein activity and regulated by ␤-arrestins. To test the potential role of ␤-arrestins, we analyzed the time course of apelin-13-induced ERK1/2 phosphorylation after depleting the cellular levels of ␤-arres-tin1 or ␤-arrestin2 by transfecting shRNA specifically directed against each isoform. In the presence of a non-targeted control shRNA, apelin-13-induced ERK1/2 phosphorylation in cells expressing APJ is identical to that observed without any shRNA transfection (compare Figs. 9A and 10A) . However, the ERK1/2 phosphorylation level was reduced significantly by both ␤-ar-restin1 and ␤-arrestin2 shRNA individually on WT APJ beyond 15 min (Fig. 10A) . The data are confirmed later and slow ERK1/2 activity are ␤-arrestin dependent. As for the role of ␤-arrestin shRNA on mutational APJ-S348A, we found that apelin-13-induced ERK1/2 signaling did not differ. These were at a very low level and have no statistically significant difference (Fig. 10B ).
DISCUSSION
The apelin receptor APJ is a member of GPCRs that play an important role in the regulation of cardiovascular function and central control of body fluid homeostasis (9, 10). In view of the extensive function of the apelin/APJ receptor in mammalian 
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physiology and pathophysiology, APJ is rapidly emerging as an important therapeutic target for the treatment of heart failure, hypertension, and obesity-related diseases (12, 13) .
Classically, GPCRs undergo a conformational change that regulates heterotrimeric G protein coupling and activation upon ligand binding, which promotes the generation of diffusible second messengers such as cAMP, calcium, or phosphoinositides. Aside from heterotrimeric G proteins, two protein families also specifically interact with the majority of GPCRs to regulate intracellular signaling pathways: GRKs and ␤-arrestins, which are involved in the control of the desensitization, internalization, and recycling of GPCRs (35) . Previous studies found that APJ presented its rapid dissociation from ␤-arrestins following apelin-13 treatment and activation followed a typical rapid recycling pathway (36) . In our studies, BRET assays revealed the kinetics of the recruitment of ␤-arrestins and FIGURE 5. APJ-S348A mutation impairs its interaction with GRKs and ␤-arrestins by real-time BRET assays. A-D, dose-response curve of the recruitment of GRKs or ␤-arrestins to the WT and mutational APJs measured by BRET. HEK293 cell transiently transfected Rluc-tagged receptors and GRK2-GFP 2 (A), Rluc-tagged receptors and GRK5-GFP 2 (B), EGFP-tagged receptors and Rluc-␤-arrestin1 (C), or EGFP-tagged receptors and Rluc-␤-arrestin2 (D) were treated with increasing doses of apelin-13. The BRET signals between receptor and GRKs/␤-arrestins were recorded at 10 (for BRET 2 ) or 15 min (for BRET 1 ) after agonist stimulation. The results represent four independent experiments. E-H, kinetic-response curve of the recruitment of GRKs or ␤-arrestins to the WT and mutational APJs measured by BRET. Real-time analysis of the interaction between WT APJ (or mutational APJs) and GRK2 (E), WT APJ (or mutational APJs) and GRK5 (F), WT APJ (or mutational APJs) and ␤-arrestin1 (G), or WT APJ (or mutational APJs) and ␤-arrestin2 (H) using BRET in living cells. Transiently co-transfected HEK293 cells were incubated with DeepBlue C (for BRET 2 ) or EnduRen TM (for eBRET) then the BRET signal was recorded after apelin-13 stimulation. The results represent four independent experiments. NOVEMBER 7, 2014 • VOLUME 289 • NUMBER 45 JOURNAL OF BIOLOGICAL CHEMISTRY 31181 GRK2/5 to activated APJ receptor after agonist apelin-13 stimulation.
A specific serine/threonine cluster within the C terminus of most GPCRs has been identified as the key sites that undergo GRK phosphorylation and ␤-arrestins association (37). To complicate matters, different ligands can favor specific phosphorylation events that raise the possibility of ligand-specific phosphorylation (38) . The C terminus of the APJ receptor also possesses multiple serine and threonine residues, which are potential sites of phosphorylation by GRK. However, the key phosphorylation sites that have critical functions remain unknown. To identify key residues that modulate the interaction with GRK and ␤-arrestins, we have applied LC-MS/MS analytical methods to define the phosphorylated sites of APJ upon stimulation with apelin-13. Subsequently, we utilized site-directed mutagenesis to introduce serine to alanine mutations at the identified phosphorylation sites (serine 335, 345 and 348) and found that mutation at S348A abolishes the association of APJ with GRK2, GRK5, ␤-arrestin1 or ␤-arrestin2, and GRK/␤-arrestin-dependent internalization after agonist treatment. These results are consistent with previous studies that the internalization of GPCRs is an important process for the regulation of GPCR signaling involving GRK and ␤-arrestin bindings (39) . In general, many activated GPCRs are phosphorylated by GRKs, followed by ␤-arrestin recruitment and ␤-arrestin-mediated internalization via clathrin-coated pits (40) . In this course, plenty of researches revealed a major role of the C terminus in efficient ␤-arrestin recruitment and receptor internalization, such as angiotesin II type 1 receptor (41), human neuropeptide Y 2 receptor (42), thyrotropin-releasing hormone receptor (43) , and bradykinin B2 receptor (44) .
The extracellular signal-regulated kinase (ERK) is the best characterized signaling mechanism that can be stimulated by ␤-arrestins. ␤-Arrestins can scaffold various members of ERK FIGURE 6. APJ-S348A mutation impairs its interaction with ␤-arrestins by CO-IP assays. A, HEK293 cells were transfected with expression vectors of both HA-APJ and FLAG-␤-arrestin1 fusion proteins (co-transfected 1) or with either vector alone. The same cells were transfected with HA-APJ348 and FLAG-␤-arrestin1 fusion proteins (co-transfected 2) or with either vector alone. Samples containing either HA-APJ or FLAG-␤-arrestin1 were mixed (Mix 1) and samples containing either HA-APJ348 or FLAG-␤-arrestin1 were also mixed (Mix 2). B, HEK293 cells were transfected with expression vectors of both HA-APJ and FLAG-␤-arrestin2 fusion proteins (co-transfected 1) or with either vector alone. The same cells were transfected with HA-APJ348 and FLAG-␤-arrestin2 fusion proteins (co-transfected 2) or with either vector alone. Samples containing either HA-APJ or FLAG-␤-arrestin2 were mixed (Mix 1) and samples containing either HA-APJ348 or FLAG-␤-arrestin2 were also mixed (Mix 2). Confirmation of the expression of appropriate constructs was obtained by immunoblotting cell lysates with either anti-FLAG or anti-HA antibodies (lower panels). The cell lysates were subsequently immunoprecipitated (IP) with anti-HA-agarose beads and followed by immunoblotted (IB) with anti-FLAG or anti-HA antibodies (upper panels). in complexes with activated GPCRs and promote ERK1/2 activation along (5) . The angiotensin type 1A receptor (AT 1A R) and protease-activated receptor-2 have been shown to activate ERK in this manner (7, 8) . Similarly, suppression of ␤-arrestin2 using specific small interfering RNA (siRNA) also eliminated the AT 1A R-induced ERK activation (45) . In addition, some GPCRs have been shown to activate ERK1/2 signaling cascades both in G protein-dependent and G protein-independent (␤-arrestins dependent) manners (45) . It is also in agreement with the fact that the mechanism of ERK1/2 activation by G protein-and ␤-arrestin-dependent manners show distinct activation kinetics: G protein-dependent activation is rapid and ␤-arrestin-dependent activation is slower (45) . In a G protein-dependent process, both diacylglycerol accumulation and PKC activation play important roles to trigger downstream signaling within 5 min of stimulation (46) , in contrast, G protein-independent (␤-arrestins dependent) ERK1/2 activation mainly occurred after 15 min (7, 8) . In our results, APJ-S348A failed to recruit ␤-arrestins. In contrast, it had no demonstrable impact on apelin-induced G protein activation and G protein-dependent downstream signaling. To further determine whether the mutation of APJ at Ser-348 affects activation of ERK1/2 dependence on either G protein or ␤-arrestins pathways, we observed the kinetic pattern that characterizes ERK1/2 activation by these two pathways. We utilized mutational APJ-S348A (which is incapable of activating ␤-arrestins) and pertussis toxin (an inhibitor of G␣ i ), to isolate the two pathways in HEK293 cells. We found that ERK1/2 phosphorylation peaked at 5 min after agonist stimulation and PTX treatment significantly decreased ERK1/2 phosphorylation. These data confirmed that apelin-13 activates ERK1/2 via a G protein-dependent activation pathway. Furthermore, the phosphor-ERK1/2 level after 15 min of APJ with mutation at Ser-348 was significantly lower compared with that of WT APJ. As for the dosedependent response, apelin-13 (from 0.1 to ϳ1000 nM) could induce ERK1/2 signaling activation in a dose-dependent manner in HEK293 cells expressing WT APJ. Moreover, the mutation at Ser-348 abolishes most slow ERK1/2 activation (15 min) at all concentrations, but does not affect fast ERK1/2 activation (5 min). Further studies utilizing shRNA directed against various ␤-arrestin later confirmed that ERK1/2 activity is ␤-arrestin dependent. These data suggested that ␤-arrestin-regulated G protein-independent ERK signaling was affected by point mutation at serine 348, whereas mutational APJ-S348A still triggers the activation of ERK1/2 via the G protein-dependent activation pathway.
The existence of biased ligands has enriched the complex signaling networks of GPCRs. The complexity of their actions provides both challenges and opportunities for drug screening and development. In the case of a biased ligand, binding of a biased ligand to an unbiased receptor results in a biased response such as altering the balance between G protein-dependent and ␤-arrestin-dependent signal transduction and eliciting differentiated pharmacological effects in vivo (47) . For example, the selective ␤-arrestin-biased ligand of AT 1A R [Sar 1 ,D-Ala 8 ]angiotesin II (TRV120027), reduced mean arterial pressure, increased cardiac performance, and preserved cardiac stroke volume in rats, whereas classical angiotensin receptor antagonists decreased overall cardiac performance (48) . Furthermore, a G protein-biased ligand TRV130 at the -opioid receptor is potently analgesic with reduced gastrointestinal and respiratory dysfunction compared with morphine (49) .
Similarly, in the case of a biased receptor, binding of an unbiased ligand to the biased receptor also results in a biased response. Biased receptors that have been generated by mutating key residues involved in G protein coupling or GRK/␤-arrestin binding. For example, the AT 1A receptor mutant AT 1A R (DRY/AAY), in which residues of the highly conserved DRY motif have been mutated to AAY fails to activate classical heterotrimeric G protein signaling but leads to recruitment of ␤-arrestin2 and activation of ERK1/2 (50) . Alanine substitution of AT 1 R caused a marked reduction of both inositol phosphate signaling and receptor internalization (51) . In addition, the ␤2-adrenergic receptor mutant ␤2AR (TYY) was incapable of G protein activation, which contains mutations of three residues crucial for G protein coupling (52) .
In our studies, we directly detected the ligand-induced phosphorylation sites of APJ and identified their roles by mutagenesis. In view of our mutagenesis results that serine 348 to alanine substitution of APJ abolished its capability to interact with GRK/␤-arrestin, but had no change on G protein activation, we now have enough reasons to believe that Ser-348 is the key amino acid important for APJ phosphorylation and trafficking. Meanwhile, APJ-S348A was also incapable of ␤-arrestin-dependent receptor internalization and ERK1/2 activation. Taken together, APJ-S348A shows the characteristics of a biased receptor, which when attenuated was incapable of ␤-arrestin coupling. Recently, the dual role of APJ on cardiac hypertrophy has been revealed (14) . Apelin-induced G␣ i activation has been demonstrated as a benefiting effect on cardiac contractility (53) (54) (55) , and a vasodilator activity that protects against angiotensin-II-induced cardiovascular fibrosis and atheroma (56, 57) . In contrast, stretch causes hypertrophy through diminishing G protein activation, whereas augmenting ␤-arrestins recruitment. The APJ-mediated GRK/␤-arrestin signals induced by stretch signals increase cardiomyocyte cell size and play a crucial role in causing hypertrophy in a G protein-independent fashion (Fig. 11 ). It has been suggested that identification of biased ligands or receptor, which make G protein-dependent signals of APJ override its G protein-independent signals, could be a productive therapeutic strategy. Taken together with our results, the mutation at Ser-348 of APJ significantly jeopardized the GRK/␤-arrestin signals, whereas having little effect on its coupled G protein activation. These findings highlight Ser-348 of APJ as an important target to develop novel treatment without eliciting the negative side effects by GRKs/ ␤-arrestins-dependent signaling. The time-dependent curves of the two groups were quantified and are shown (lower). B and C, dose-dependent ERK1/2 phosphorylation in HEK293 cells expressing APJ (upper) or APJ-S348A (middle) after apelin-13 stimulation for 15 (B) or 5 min (C). The dose-dependent effects of the two groups were quantified (lower). D, effect of PTX on apelin-13-induced ERK1/2 phosphorylation. HEK293 cells expressing APJ (upper) or APJ-S348A (middle) were pretreated with PTX (200 ng/ml) for 12 h, the cells were stimulated with apelin-13 (100 nM) for 5 min. The effects of PTX were quantified (lower). The density of the bands corresponding to 44 and 42 kDa was quantified with an imaging densitometer, normalized to total ERK. The data correspond to the mean Ϯ S.E. from four independent experiments. APJ-S348A group compared with WT APJ group, ***, p Ͻ 0.01.
In conclusion, the most striking finding of the present study is the identification of a key phosphorylation site in the C terminus of APJ for its binds to GRKs/␤-arrestins, which make APJ with mutation at Ser-348 a biased receptor. Pharmacologically, this emphasizes that the key phosphorylation residue of APJ Ser-348 offers the potential for screening the G protein-or ␤-arrestin-dependent drugs based on the concept of biased signaling and developing therapeutic medicines for cardiovascular and metabolic diseases.
